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(57) Abstract 

An electromagnet thrust bear- 
ing (10) couples a rotatable mem- 
ber (16, 18a, 18b) relative to a sta- 
tionary member (14) utilizing a com- 
bination of controllable electromag- 
nets (24) and a radially polarized per- 
manent magnet (32), each physically 
associated with the stationary mem- 
ber (14). The rotatable member (16, 
18a, 18b) includes a shaft (16) having 
a pair of axially spaced apart thrust 
discs (18a, 18b) fixed thereto. A pair 
of solenoids (22) are disposed about 
the rotatable member (16, 18a, 18b) 
between the spaced apart thrust discs 
(18a, 18b) in oppositely facing re- 
lating to axially-facing sides of the 
thrust discs (18a, 18b). The solenoids 
(22) are capable of generating a con- 
trollable electromagnetic field. An 
arcuate radiaUy polarized permanent 
ma^et (31J is disposed between the 
solenoids (22) to generate a constant 
flux high density magnetic field (30, 
34) between a solenoid housing (26) 
and she thrust discs (18a, 18b). A 
sensor (20) determines the axial posi- 
tioning of the rotatable member (16, 
18a, 18b) relative to the stationary 

b^SinoiSa^^ ^ COntr0mng P^**** ^ the thrust discs (18a, 18b) by varyteg the magnetic flu* generated 
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ELECTROMAGWRTTr THRUST BEARINGS, TTSTWr; 
PASSIVE AN D ACTIVE MAGNETS. FOR COUPLING a 
ROTATABLE MKHBFT! TO A STAT IONARY MBMRCT 

BACKGROU ND OF THE INVENTTON 

This invention relates generally to 
improvements in magnetic bearing structures. More 
particularly, the present invention relates to a 
magnetic thrust bearing which utilizes a combination of 
controllable electromagnets and constant flux permanent 
magnets associated with a stationary member, to axially 
flux couple a rotatable member to the stationary 
member. 

Electromagnetic bearings are highly effective 
for supporting a body, such as a rotating shaft, which 
is effectively floated or levitated by magnetic fields, 
in this way the rotating shaft has no frictional 
contact with any stationary structure, thereby 
permitting relatively friction free rotation of the 
shaft or rotation of a body about the shaft. This 
arrangement possesses the obvious advantage that there 
is no mechanical abrasion, which results in reduced 
mechanical noise and durability not available with 
other types of bearing structures. Moreover, because 
of the reduced frictional effects which would otherwise 
be encountered with conventional bearing structures, it 
is possible to obtain higher speeds of rotation with 
electromagnetic bearings. 

Magnetic bearings typically require little 
maintenance and readily lend themselves to operation in 
hostile environments such as in connection with 
corrosive fluids where other conventional bearings 
would be destroyed or rendered inoperable. Further, 
magnetic bearings are suitable for supporting moving 
bodies in a vacuum, such as in outer space, or in 
canned pumps where the pump rotor must be supported 
without the use of physically contacting bearings. 
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One of the primary considerations in the 
development of magnetic bearing structures is to 
eliminate so-called air gaps. The so-called air gaps 
form a portion of the magnetic flux pathway of the 
electromagnets and permanent magnets, and provide a 
bridge between a supporting structure and a levitated 
structure. In actuality, some air gaps must be 
tolerated in order to position a suspended or rotatable 
body. Thus, air gaps to some extent cannot be avoided, 
but it is desirable to reduce air gaps to an absolute 
minimum. 

From a pure physics standpoint, an air gap 
introduces great inefficiency into any type of magnetic 
structure. An air gap is about 2,000 times less 
efficient than an iron core medium for transmitting 
magnetic flux. Thus, in terms of inefficiency, a 
magnetic bearing structure which has an air gap of 0.1 
inch is far more inefficient than a magnetic bearing 
which has an iron gap of 20 inches. 

In addition, it is important to overcome the 
conductivity constraints of permanent magnets. 
Essentially, permanent magnets are very poor conductors 
for a magnetic flux, even though they generate magnetic 
flux. The most efficient permanent magnets available 
are the rare earth alloy magnets. such permanent 
magnets, however, have a very low magnetic permeability 
and they behave in much the same manner as air gaps in 
the magnetic circuit. The low permeability of rare 
earth alloy magnets requires significant power to drive 
electromagnetic fields through the permanent magnets, 
thereby resulting in low electrical efficiencies. 
Thus, it is undesirable to transmit an electromagnetic 
field through a permanent magnet. 

Early magnetic thrust bearings consisted of 
two solenoids positioned on each side of a rotatable 
disc which is an integral part of the supported shaft. 
Such early designs utilized the electromagnetic 
solenoid coils to create a magnetic field in the two 
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air gaps between the solenoids and the rotatable disc. 
A position sensor measured the disc axial location and 
a closed loop servo system maintained the shaft in the 
desired axial location. The entire magnetic field 
between the disc and the solenoids was generated by 
electric currents in the solenoid coils. Further, a 
large bias current was normally applied to the coils to 
generate a magnetic field and to linearize the 
relationship between input current and force produced 
on the disc. This method simplified the design of the 
servo controls. 

There were several disadvantages of this early 
approach. First, very large electromagnet coils were 
required because of the requirement to generate and 
maintain continuously the entire magnetic field in the 
air gaps. Secondly, large amounts of input electrical 
power were required to maintain the magnetic fields, 
which resulted in a large electronics control system. 
Thirdly, two power amplifiers were retired to develop 
bi-directional forces since the el^ . tiroitiagnets were 
only capable of producing attraction forces. 

Many of these disadvantages have been overcome 
by incorporating permanent magnets into thrust 
bearings. Newer types of magnetic thrust bearings 
utilize a radially polarized permanent magnet disc 
which forms an integral part of the rotatable disc. 
Two solenoids disposed about the thrust disc in facing 
relation on opposite sides thereof are utilized as 
before. This improved design i-as the advantages of 
linearizing the force versus solenoid control current, 
greatly reducing the required electrical power to 
develop forces on the sc, and reducing the size of 
the solenoids because ti ^. electromagnet coils must only 
provide control magnetic fields, not the primary 
magnetic field. 

This improved approach, however, continues to 
suffer significant drawbacks. Most particularly, high 
shaft speeds produce centrifugal loads that can 
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over-stress the magnets and thrust disc rings. This 
has effectively limited use of the improved-design 
magnetic thrust bearings in applications where high 
shaft speeds are encountered. 

Accordingly, there has been a need for a novel 
magnetic thrust bearing which utilizes a combination of 
constant flux permanent magnets and controllable 
electromagnets for coupling a rotatable member relative 
to a stationary member, in a compact and spacially 
efficient structure which is lightweight and obtains a 
high power efficiency. Additionally, there exists a 
need for a magnetic thrust bearing wherein magnetic 
efficiency of the device is optimized by minimizing air 
gaps between the levitated and support structures, and 
wherein the electromagnetic coils are not required to 
provide magnetomotive forces to drive magnetic flux 
through the permanent magnets. Moreover, a novel 
magnetic thrust bearing is needed which can utilize 
radially polarized permanent magnets, and associates 
such magnets with the stationary member. The present 
invention fulfills these needs and provides other 
related advantages, 

SUMMARY OF THF INVENTION 

The present invention resides in an improved 
electromagnetic thrust bearing for axially flux 
coupling a rotatable member relative to a stationary 
member. The electromagnetic thrust bearing comprises, 
generally, thrust disc means fixed to and extending 
radially from the rotatable member, and means 
associated with the stationary member for generating a 
constant flux high density magnetic field linking the 
thrust disc to the stationary member. Means associated 
with the stationary member are also provided for 
generating a controllable electromagnetic field linking 
the thrust disc to the stationary member. The constant 
flux magnetic field generating means and the 
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controllable electromagnetic field generating means 
cooperatively axially position the rotatable member 
relative to the stationary member. The arrangement of 
the electromagnetic thrust bearing of the present 
invention utilizes a unique combinations of permanent 
magnets and electromagnets in systems requiring only 
one amplifier. Further, the drawbacks of prior designs 
have been eliminated since the present design 
accommodates the use of arcuate permanent magnets 
placed on a stationary housing rather than on a portion 
of the rotatable member. 

In its basic form, the electromagnetic thrust 
bearing of the present invention generates a high 
density magnetic flux directed through a minimum number 
of air gaps between the rotatable member and the 
stationary member. This provides a generally uniform 
magnetic field surrounding a portion of the rotatable 
member which, under perfect conditions, could 
theoretically suspend or levitate the rotatable mem"- ^r 
axially with respect to the stationary member. S.:oh 
perfect conditions rarely exist, and certainly do not 
persist in an operating environment, and thus any axial 
displacement of the rotatable member relative to the 
stationary member will cause the rotatable member to be 
axially drawn into contact with a portion of the 
stationary member. This is known as the "negative 
spring" effect created by a constant magnetic field. 

In order to counteract the "negative spring" 
effect, the present invention utilizes a controllable, 
variable flux electromagnetic field in connection with 
the thrust bearing to stabilize the rotatable member in 
an optimum axially centered position relative to the 
stationary member. Variations in the positioning of 
the rotatable member are neutralized by an active 
electromagnetic servo control system which produces a 
"positive spring" effect, that is, a high stiffness 
restoring force. The present invention utilizes a 
sensor which is positioned to detect axial displacement 
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of the rotatable member relative to the stationary 
member. A servo control circuit, receiving input from 
the sensor, can correct for any axial displacement of 
the levitated member by controlling the electromagnetic 
field forces. In this way, signals from the position 
sensor enable the servo control system to stabilize the 
rotatable member and maintain it in an optimal axially 
centered position. 

In one preferred form of the invention, the 
electromagnetic thrust bearing, which axially flux 
couples the rotatable member to the stationary member, 
utilized a pair of axially spaced apart thrust discs 
which extend radially outwardly from the body of the 
rotatable member. First and second means for 

generating an axially polarized, controllable 
electromagnetic field are associated with the 
stationary member and disposed between the pair of 
axially spaced apart thrust discs. The first and 
second electromagnetic field generating means include a 
pair of solenoids disposed about the rotatable member 
in oppositely facing relation to axially-f acing sides 
of the pair of thrust discs. Each solenoid has an 
electromagnetic coil situated within a ferromagnetic 
housing which circumscribes a portion of the rotatable 
member. 

Means for generating a constant flux, high 
density magnetic field is associated with the 
stationary member and disposed between the solenoids. 
The constant flux magnetic field generating means 
includes an arcuate, radially polarized permanent 
magnet. 

In another preferred form of the invention, 
the electromagnetic thrust bearing utilizes a single 
thrust disc which extends radially outwardly from the 
body of the rotatable member. First means for 
generating an axially polarized, controllable 
electromagnetic field is associated with the stationary 
member and disposed adjacent to a first side of the 



WO 95/05700 



PCT/US94/03134 



-7- 

thrust disc* The first electromagnetic field 

generating means includes a first solenoid having a 
first electromagnetic coil situated within a first 
ferromagnetic housing which circumscribes a portion of 
the rotatable member. Second means for generating an 
axially polarized, controllable electromagnetic field 
is associated with the stationary member and disposed 
adjacent to a second side of the thrust disc. The 
second electromagnetic field generating means includes 
a second solenoid having a second electromagnetic coil 
situated within a second ferromagnetic housing which 
circumscribes a portion of the rotatable member. 

Means for generating a constant flux, high 
density magnetic field is associated with the 
stationary member and disposed between the solenoids 
and radially outwardly from the thrust disc. The 
constant flux magnetic field generating means includes 
an arcuate, radially polarized permanent magnet. 

In both embodiments, means are provided for 
directing substantially all magnetic flux from the 
first and second electromagnetic field generating means 
and the constant flux magnetic field generating means, 
axially between the thrust disc(s) and the stationary 
member. This magnetically links the thrust disc(s) to 
the solenoids and provides a magnetic flux path for the 
electromagnetically generated flux around the permanent 
magnets and the electromagnetic coils, and provides 
controlled magnetic flux coupling of the rotatable 
member to the stationary member. 

A position sensor situated adjacent to a 
portion of the rotatable member provides means for 
determining the axial position of the rotatable member 
relative to the stationary member. A servo control 
system provides means for controlling the axial 
positioning of the thrust disc(s) by varying the 
magnetic flux generated by the first and second 
electromagnetic field generating means. More 
specifically, the electromagnetic coils of the 
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solenoids are controlled through the servo control 
system in order to provide the desired amount of 
electromagnetic flux and to thereby control the 
electromagnetic field surrounding the thrust disc(s). 
The construction of the electromagnetic thrust bearings 
of the present invention permits the flux generated by 
the electromagnetic coils to be varied in order to 
obtain optimum positioning of the rotatable member, 
without requiring the controllable, variable 
magnetomotive force to drive flux through a permanent 
magnet. In this manner, the structure maintains a high 
degree of power efficiency. 

Other features and advantages of the present 
invention will become apparent from the following more 
detailed description, taken in conjunction with the 
accompanying drawings which illustrate, by way of 
example, the principles of the invention, 

BRIEF D ESCRIPTION OF THE DRAWINGS 

The accompanying drawings illustrate the 
invention. In such drawings: 

FIGURE 1 is a partially sectional perspective 
view of an electromagnetic thrust bearing embodying the 
invention, illustrating the use of two solenoids in 
relation to a pair of axially spaced apart thrust 
discs, to provide means associated with the stationary 
member for generating a controllable electromagnetic 
field linking the thrust discs to the stationary 
member, and a radially polarized permanent magnet 
disposed between the solenoids which provides means for 
generating a constant flux high intensity magnetic 
field also linking the thrust disc to the stationary 
member; 

FIGURE 2 is an enlarged fragmented sectional 
elevational view of the magnetic thrust bearing 
illustrated in FIG. 1, showing exemplary magnetic flux 
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paths generated by the radially polarized permanent 
magnet and the controllable solenoids; 

FIGURE 3 is a partially sectional perspective 
view of another electromagnetic thrust bearing 
embodying the invention, illustrating the use of two 
solenoids in relation to a single thrust disc to 
provide means associated with the stationary member for 
generating a controllable electromagnetic field linking 
the thrust disc to the stationary member, and a 
radially polarized permanent magnet disposed between 
the solenoids and radially outwardly from the thrust 
disc, which provides means for generating a constant 
flux high density magnetic field also linking the 
thrust disc to the stationary member; and 

FIGURE 4 is an enlarged fragmented sectional 
elevational view of the magnetic thrust bearing 
illustrated in FIG. 3, showing exemplary magnetic flux 
paths generated by the radially polarized permanent 
magnet and the controllable solenoids. 

DETAILED DESC RIPTION OF THE PREFERRED EMBODIMENTS 

As shown in the drawings for purposes of 
illustration, the present invention is concerned with 
an improved electromagnetic thrust bearing, the two 
illustrated embodiments being generally designated in 
the accompanying drawings by the reference numbers 10 
and 12, respectively. The thrust bearings 10 and 12 
comprise a stationary outer housing 14 and a 
cylindrical rotatable shaft 16 which extends axially 
through the housing 14. In the thrust bearing 10, the 
shaft 16 includes a pair of axially spaced apart, 
radially extending thrust discs 18a and 18b which are 
at least partially enveloped by portions of the 
stationary outer housing 14. The shaft 16' of the 
thrust bearing 12, on the other hand, includes a single 
radially extending thrust disc 18' which is generally 
enveloped by portions of the stationary outer housing 
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14'. The electromagnetic thrust bearings 10 and 12 
generate a high density controllable magnetic field 
between the housing 14 and the thrust disc(s) 18, to 
axially flux couple the shaft 16 to the housing 14, and 
are controlled by a one-axis servo control system. 
Only one position sensor 2 0 need be associated with the 
thrust bearings 10 and 12 to detect and compensate for 
axial displacement of the shaft 16 relative to the 
housing 14. 

For purposes of better understanding two 
illustrated embodiments of the electromagnetic thrust 
bearing of the present invention, like elements between 
both embodiments will be given the same reference 
number, differentiated by the prime symbol (') in the 
second embodiment shown in FIGS. 3 and 4. 

In accordance with the present invention, and 
as illustrated in FIGS. 1 and 2 with respect to the 
electromagnetic thrust bearing 10, the stationary outer 
housing 14 supports a pair of solenoids 22 which are 
disposed about the shaft 16 in oppositely facing 
relation to axially-facing sides of the thrust discs 
18a and 18b. Each solenoid 22 includes a controllable 
electromagnetic coil 24 situated within a ferromagnetic 
coil housing 26. As shown, the electromagnetic coils 
24 share a common coil housing 26. The coil housing 26 
interfaces with the thrust discs 18a and 18b with very 
small air gaps 28 of approximately 0.007 inch. The 
electromagnetic coils 24 are connected so that the 
solenoids 22 operate in concert to develop additive 
forces on the thrust discs 18a and 18b, as shown by the 
flux arrows 3 0. 

Disposed between the electromagnetic coils 24 
and within the coil housing 26 is an arcuate, radially 
polarized permanent magnet 32. The radially polarized 
permanent magnet 32 is arranged so as to generate 
axially flowing magnetic fields in the air gaps 28 
between the coil housing 26 and the rotating thrust 
discs 18a and 18b as shown by the flux path arrows 34. 
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The permanent magnet 3 2, which generates a constant 
flux high density magnetic field generally surrounding 
a portion of the shaft 16, provides the primary flux 
coupling of the housing 14 (and specifically the coil 
housing 2 6) to the shaft 16 (specifically the thrust 
discs 18a and 18b) ♦ 

With respect now to the second illustrated 
embodiment of the electromagnetic thrust bearing 12 
shown in FIGS. 3 and 4, the stationary outer housing 
14' supports a pair of solenoids 22' which are disposed 
about the shaft 16' in oppositely facing relation to 
axially-facing sides of the thrust disc 18'. Each 
solenoid 22' includes a controllable electromagnetic 
coil 24' situated within a ferromagnetic coil housing 
26'. The coil housings 26' generally surround the 
thrust disc 18 ' with very small air gaps 28' of 
approximately 0.007 inch. The electromagnetic coils 
24' are connected so that the solenoids 22' operate in 
concert to develop additive forces on the thrust disc 
18 ', as shown by the flux arrows 30'. 

Associated with the housing 14' is an arcuate, 
radially polarized permanent magnet 3 2' which is 
disposed between the electromagnetic coils 2 4' and 
radially outwardly from the thrust disc 18', The 
permanent magnet 32' is linked magnetically to the coil 
housings 26' by a ferromagnetic pole piece 36. The 
radially polarized permanent magnet 32' is arranged so 
as to generate axially flowing magnetic fields in the 
air gaps 26' between the coil housings 2 6' and the 
rotating thrust disc 18' as shown by the flux path 
arrows 34'. The permanent magnet 32' also generates a 
radially flowing magnetic field in an air gap 38 
between the permanent magnet 32' and the facing surface 
of the thrust disc 18'. The permanent magnet 32', 
which generates a constant flux, high density magnetic 
field generally surrounding a portion of the shaft 16', 
provides the primary flux coupling of the housing 14' 
to the shaft 16'. 
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With the foregoing basic construction of the 
electromagnetic thrust bearings 10 and 12 in mind, 
their function will be described in greater detail. 
The permanent magnets 32 and 32' generate magnetic 
fields having magnetic flux paths illustrated by the 
arrows having the reference numbers 34 and 3 4'. The 
permanent magnets 32 and 3 2'generate a relatively 
constant, high density magnetic flux. 

In the embodiment illustrated in FIGS. 1 and 
2, this permanent magnet flux 34 is conducted through a 
portion of the coil housing 26 axially from the 
permanent magnet 32, and extends across the air gaps 28 
to adjacent portions of the thrust discs 18a and 18b. 
Within the thrust discs 18a and 18b, the flux 34 is 
redirected radially and then axially once again across 
the air gaps 28 toward the permanent magnet 3 2 itself. 
It will be noted that the magnetic flux 34 generated by 
the radially polarized permanent magnet 32 is directed 
axially through only two air gaps 28 between the thrust 
discs 18a and 18b and the ferromagnetic coil housing 26 
to provide magnetic flux coupling of the shaft 16 to 
the housing 14. 

With reference to the second illustrated 
embodiment of the electromagnetic thrust bearing 12 
shown in FIGS. 3 and 4, the permanent magnet 32' 
generates magnetic fields having magnetic flux paths 
illustrated by the arrows having the reference number 
34'. The permanent magnet 32' generates the relatively 
constant, high density magnetic flux which is conducted 
radially across the air gap 38 to the thrust disc 18', 
where it is redirected to extend axially across the air 
gaps 28' to adjacent portions of the ferromagnetic coil 
housings 26'. This flux 34' extends through the coil 
housings 26', around the electromagnetic coils and into 
the pole piece 3 6, where the flux is again redirected 
radially toward the permanent magnet 32' itself. In 
contrast with the embodiment of FIGS. 1 and 2, the 
electromagnetic thrust bearing 12' shown in FIGS. 3 and 
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4 includes a radial air gap between the thrust disc 18' 
and the permanent magnet 34'. 

In each embodiment, under perfect conditions 
and assuming no radial or moment loading upon the 
shafts 16 and 16', if the shafts were to be precisely 
centered so that uniform air gaps 28 and 28' existed 
completely around the thrust discs 18a, 18b and 18% 
then, theoretically, the high density magnetic fields 
produced by the permanent magnets 32 and 32' would 
create an axially directed force system which was 
metastable. However, any eccentricity of the shafts 14 
and 14' will cause the thrust discs 16 and 16' to be 
drawn toward one of the solenoids 22 and 22 \ This is 
the so-called "negative spring" effect of the constant 
magnetic field provided by the permanent magnets 3 2 and 
32'. 

The active control electromagnetic coils 24 
and 24' positioned about the shaft 16 and 16' within 
the coil housings 2 6 and 2 6' are controlled by a servo 
circuit to counteract the "negative spring" effect and 
produce a "positive spring," that is, a high stiffness 
restoring force which keeps the thrust discs 18 and 18' 
centered between the solenoids 20 and 2 0'. The 
reference numbers 30 and 30' identify exemplary 
magnetic flux paths of flux generated by the active 
control electromagnetic coils 24 and 24'. Each of the 
electromagnetic coils 24 and 24' is capable of 
generating an axially polarized, controllable 
electromagnetic field, wherein the flux path 30 and 3 0' 
is directed across the air gaps 28 and 28' and 
conducted peripherally around the electromagnetic coils 
24 and 24' and the permanent magnets 32 and 32'. 

In use, the radially pclarized, constant flux 
magnetic fields generated by the permanent magnets 32 
and 32', tend to cause the thrust discs 18 and 18' to 
displace from a true centered position between the 
solenoids 22 and 22' and into engagement with one 
solenoid or the other. Such displacement is sensed by 
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the Z-axis position sensors 20 or 2 0' which provides 
input to a servo circuit. An exemplary servo circuit 
is described in U.S. Patent No. 5,111,102. The servo 
circuit selectively controls electrical current to the 
active control electromagnetic coils 24 and 24' in 
order to provide a positive gradient which keeps the 
thrust discs 18 and 18' in a true centered position. 
The greater the displacement of the shaft 16 or 16', 
the greater the restoring force generated by the use of 
the servo circuit and the electromagnetic coils 24 or 
24'. Thus, a high density magnetic field is produced 
through the air gaps 28 and 28', which produces an 
axial force system which is metastable when the thrust 
discs 16 and 16' are centered between the solenoids 22 
and 22'. 

Energizing the paired electromagnetic coils 24 
or 24' results in an electromagnetic flux 3 0 or 3 0' 
that produces changes in the total magnetic flux in the 
air gaps 28 or 28' surrounding the thrust discs 18 or 
18'. The changes add to or reduce the magnetic fields 
generated by the permanent magnets 32 or 32' in the 
associated air gaps 28 or 28'. Consequently, 
controllable magnetomotive forces are produced by 
modulating the current in the electromagnetic coils 24 
or 24'. 

The electromagnetic thrust bearings 10 and 12 
are designed so that the electromagnetic flux 3 0 and 
30' generated by the electromagnetic coils 24 and 24' 
take a different path than the permanent magnet flux 34 
and 34' generated by the permanent magnets 32 and 32'. 
This greatly improves the electrical efficiency of the 
thrust bearings io and 12 because the electromagnetic 
coils 24 and 24' do not have to drive magnetic flux 
through the permanent magnets 3 2 and 32', which have a 
very high resistance to conducted magnetic fields. 

From the foregoing it is to be appreciated 
that the improved electromagnetic thrust bearings 10 
and 12 of the present invention are capable of 
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providing controlled thrust load support of the shafts 
14 and 14' relative to the housings 12 and 12'. The 
disclosed thrust bearings 10 and 12 produce a compact 
and spacially efficient system which requires only one 
amplifier for controlling the electromagnetic coils 24 
or 24', thus minimizing control electronics associated 
with the electromagnetic thrust bearings 10 and 12. 
Further, the thrust bearings 10 and 12 of the present 
invention overcome drawbacks noted in connection with 
prior designs in that permanent magnets are utilized in 
connection with controllable electromagnetic coils to 
increase the power efficiency of the structure. 
Moreover, the association of the permanent magnets 32 
and 3 2 7 with the stationary housing 14 and 14' avoids 
over- stressing of the thrust discs 18 and 18' as well 
as the permanent magnets themselves at high speeds due 
to centrifugal loads. 

Although two particular embodiments of the 
invention have been described in detail for purposes of 
illustration, various modifications may be made without 
departing from the spirit and scope of the invention. 
Accordingly, the invention is not to be limited, except 
as by the appended claims. 
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We Claim: 

1. An electromagnetic thrust bearing for 
coupling a rotatable member relative to a stationary 
member, the thrust bearing comprising: 

thrust disc means fixed to and extending 
radially from the rotatable member; 

an arcuate permanent magnet associated with 
the stationary member, for generating a constant flux 
high density magnetic field linking the thrust disc 
means to the stationary member; and 

a pair of solenoids associated with the 
stationary member and disposed about the rotatable 
member in oppositely facing relation to axially-f acing 
sides of the thrust disc means, for generating a 
controllable electromagnetic field linking the thrust 
disc means to the stationary member; 

wherein the permanent magnet and the solenoids 
cooperatively axially position the rotatable member 
relative to the stationary member. 

2. An electromagnetic thrust bearing as set 
forth in claim 1, wherein each solenoid includes a 
controllable electromagnetic coil situated within a 
ferromagnetic housing which circumscribes a portion of 
the rotatable member. 

3. An electromagnetic thrust bearing as set 
forth in claim l, wherein the solenoids are axially 
aligned with one another and cooperatively generate a 
controllable, axially polarized electromagnetic field 
to magnetically link the thrust disc means to the 
solenoids and provide a magnetic flux path for 
electromagnetically generated flux around the permanent 
magnet and the electromagnetic coils. 
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4. An electromagnetic thrust bearing as set 
forth in claim i, wherein the permanent magnet is 
radially polarized. 

5- An electromagnetic thrust bearing as set 
forth in claim i, wherein the permanent magnet is 
disposed between the pair of solenoids. 

6. An electromagnetic thrust bearing as set 
forth in claim l, including sensor means for 
determining axial positioning of the rotatable member 
relative to the stationary member, and for controlling 
the positioning of the thrust disc means by varying the 
magnetic flux generated by the solenoids. 

7. An electromagnetic thrust bearing as set 
forth in claim l, wherein the thrust disc means 
includes a pair of axially spaced apart thrust discs, 
and wherein the pair of solenoids are disposed between 
the axially spaced apart thrust discs. 

8. An electromagnetic thrust bearing as set 
forth in claim 7, wherein the permanent magnet is 
disposed between the pair of solenoids and is radially 
polarized. 

9. An electromagnetic thrust bearing as set 
forth in claim 1, wherein the thrust disc means 
comprises a single thrust disc, and wherein the pair of 
solenoids are disposed about the rotatable member in 
facing relation on opposite axially-f acing sides of the 
thrust disc. 

10. An electromagnetic thrust bearing as set 
forth in claim 9, wherein the permanent magnet is 
disposed radially outwardly from the thrust disc. 
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11. An electromagnetic thrust bearing for 
axially flux coupling a rotatable member relative to a 
stationary member, the thrust bearing comprising: 

thrust disc means fixed to and extending 
radially from the rotatable member, the thrust disc 
means having first and second opposite, axially facing, 
sides; 

first means associated with the stationary 
member and adjacent to the first side of the thrust 
disc means, for generating an axially polarized, 
controllable electromagnetic field; 

second means associated with the stationary 
member and adjacent to the second side of the thrust 
disc means, for generating an axially polarized, 
controllable electromagnetic field; 

means associated with the stationary member 
and disposed between the first and second 
electromagnetic field generating means, for generating 
a constant flux, high density magnetic field; and 

means for directing substantially all magnetic 
flux from the first and second electromagnetic field 
generating means and the constant flux magnetic field 
generating means, axially between the thrust disc means 
and the stationary member, to provide controlled 
magnetic flux coupling of the rotatable member to the 
stationary member. 

12. An electromagnetic thrust bearing as set 
forth in claim 11, wherein the constant flux magnetic 
field generating means includes a radially polarized, 
arcuate permanent magnet. 

13. An electromagnetic thrust bearing as set 
forth in claim 12, wherein the first and second means 
for generating an axially polarized, controllable 
electromagnetic field each include an electromagnetic 
coil circumferentially positioned about the rotatable 
member and axially spaced from the thrust disc means. 
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14. An electromagnetic thrust bearing as set 
forth in claim 13, wherein the electromagnetic coils 
are axially aligned with the permanent magnet. 

15. An electromagnetic thrust bearing as set 
forth in claim 13, wherein the stationary member 
includes spaced apart, facing first and second coil 
housings which circumferentially surround a portion of 
the rotatable member and wherein the thrust disc means 
is situated between the facing coil housings. 

16. An electromagnetic thrust bearing as set 
forth in claim 15, wherein the electromagnetic coils 
are axially aligned with one another and cooperatively 
generate a controllable, axially polarized 
electromagnetic field to magnetically link the thrust 
disc means to the facing coil housings, wherein a 
magnetic flux path is provided for electromagnetically 
generated flux around the permanent magnet and the 
electromagnetic coils. 

17. An electromagnetic thrust bearing as set 
forth in claim 16, wherein the permanent magnet is 
disposed radially relative to the thrust disc means. 

18. An electromagnetic thrust bearing as set 
forth in claim 14, wherein the thrust disc means 
comprises a pair of axially spaced apart thrust discs, 
and wherein the electromagnetic coils are disposed 
therebetween. 

19. An electromagnetic thrust bearing as set 
forth in claim 11, including means for determining 
axial positioning of the rotatable member relative to 
the stationary member, and for controlling axial 
positioning of the thrust disc means by varying the 
magnetic flux generated by the first and second 
electromagnetic field generating means. 
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20. An electromagnetic thrust bearing for 
coupling a rotatable member relative to a stationary 
member, the thrust bearing comprising: 

a pair of axially spaced apart thrust discs 
fixed to and extending radially from the rotatable 
member; 

means associated with the stationary member, 
for generating a constant flux high density magnetic 
field linking the thrust discs to the stationary 
member; and 

means associated with the stationary member 
and disposed between the axially spaced apart thrust 
discs, for generating a controllable electromagnetic 
field linking the thrust discs to the stationary 
member; 

wherein the constant flux magnetic field 
generating means and the controllable electromagnetic 
field generating means cooperatively axially position 
the rotatable member relative to the stationary member, 

21* An electromagnetic thrust bearing as set 
forth in claim 2 0, wherein the constant flux magnetic 
field generating means is linked magnetically to the 
thrust discs through two air gaps such that axially 
directed flux from the constant flux magnetic field 
generating means passes through the air gaps to create 
a high density magnetic field linking the rotatable 
member to the stationary member, 

22. An electromagnetic thrust bearing as set 
forth in claim 20, wherein the electromagnetic field 
generating means includes a pair of solenoids disposed 
about the rotatable member between the thrust discs. 

23. An electromagnetic thrust bearing as set 
forth in claim 20, wherein each solenoid includes a 
controllable electromagnetic coil situated within a 
ferromagnetic housing which circumscribes a portion of 
the rotatable member. 
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24. An electromagnetic thrust bearing as set 
forth in claim 23, wherein the solenoids are axially 
aligned with one another and cooperatively generate a 
controllable, axially polarized, electromagnetic field 
to magnetically link the thrust discs to the solenoids 
and provide a magnetic flux path for 
electromagnetically generated flux around the constant 
flux magnetic field generating means and the 
electromagnetic coils. 

25. An electromagnetic thrust bearing as set 
forth in claim 21, wherein the constant flux magnetic 
field generating means includes an arcuately shaped 
permanent magnet disposed between the axially spaced 
apart thrust discs. 

26. An electromagnetic thrust bearing as set 
forth in claim 25, wherein the permanent magnet is 
radially polarized. 

27. An electromagnetic thrust bearing as set 
forth in claim 22, wherein the constant flux magnetic 
field generating means includes an arcuately shaped 
permanent magnet disposed between the axially spaced 
apart thrust discs, wherein the permanent magnet is 
further disposed between the pair of solenoids. 

2 8. An electromagnetic thrust bearing as set 
forth in claim 2 0, including sensor means for 
determining axial positioning of the rotatable member 
relative to the stationary member, and for controlling 
positioning of the thrust discs by varying the magnetic 
flux generated by the controllable electromagnetic 
field generating means. 
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